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INTRODUCTION

Eyer since the eareinot:enie metabolites t1f
,.1.I']1el),'illlls llen'lIs in peanuts were identified.
attentil111 has been directed to the broad im
plications of mycotoxin hazards. In the post
aflatoxin era. mycotoxin studies generally were
devoted to: (i) occurrence and characteriza
tion of specific toxins. (ii) cxamination of fac
tors that contribuk to the elaboration of the
toxic substances. and (iii) description of the
dTects of particular fungal metabolites on
microbes. plants. and anim~l!s (23. 46). Al
thou,!!h the presence of a toxin in foods and
feeds represents an obvious disease potential.
there is more concern growin,!! oyer the health
hazard associated with the simultaneous oc
currence of two or more toxins. Diyerse fun
gal products can be expected to accumulate in
a substrate either through simultaneous elab
oration of several compounds by a single strain
or by sequential devclopment of seyer'll species
and associated toxin production.

1vlycotoxicologists are particularly conscious
of toxic interactions in which the cooperative
efTect of two or more substances elicits a total
efTect greater than the sum of the activities of
individual agents; this combined response is
called a toxic synergism. Aggregate toxicities
in test animals depend on a number of vari
ables. including species. sex. age. nutrition.
disease. test procedures. and environmental
conditions (temperature. light. and humidity).
In aflatoxicosis. young animals arc more sus
ceptible than older ones. males more than
females. and both ducklings and trout are
significantly more scnsitive than mice (23. 46).
Within the inhercnt constraints. several tech
niques have becn dcvcloped and adapted to the
detcrmination of mycotoxin syncrgism in tcst
animals. These involve growth rates. organ
function. acute toxicity. tissue histology. ccllu
I'll' function. blood chemistry. immunological
response. and tumor induction.

Particularly useful in measuring mycotoxin
synergism is the initiator-promoter procedure
employed in the mouse skin tumor test. This
unique technique provides a two-step proces,
in whieh single applications of an initiator sub
stancc. e.g.. 9. IO-dimct h)'I-1 .2-benzanl hracene

(D1\1 BA). and subsequent treatmcnt- \\ ,til
promoting substance. e.g.. crO!,lll pi!. p'",!,
tunwrs on sensitiYc mouse strains (S). "'ii':
dose leYels of either initiato!' or I' n'l1W il'1

are inefTective in causing skin tumn!'s.

l\lYCOTOXIN·l\lYCOTOXIN SYN ER(; IS\ 1

The progression of fungal flora on at:ricu!
tural commodities generally includes spl'ci,". ,
FII.Illrilllll, Pcnicillillll1. and ,.1Sf!ergililis (1 i ,

Flisarilllll mycotoxicoses have been attrihul,,:
to the presence of mclabolites of the !rid,,·
thecene group. e.g., 1'-2 toxin and di:leCIP\\
scirpenol (4). Characteristically. trichothccl'ii\
clicit a severe irritation and inflammation ,':'
contact with human skin and with test anil11"l·
In a study of synergism between anatoxin B
and 1'-2 in acute toxicity. the LD:... values ,,:
toxin pairs exhibited a dist inct increase ill
toxicity (47; Fig. I). The LD·.os plotted h-.
Hewlctt's (39) method are presented in Fig. 1.
the decrease in values of the toxin pairs rcpre'
sents a synergistic response. Tn addition \I,

acute toxicities. the interaction among ;l11;:·
toxin B,. 1'-2, and diacetoxyscirpenol was e\·
ami ned by the mouse skin tumor test (47 I

B, was a tumor initiator; application of ::
single 25-p.g dose with subsequent croton oi!
promotion caused extensive tumor dcvcloi'
mcn!. Trichothecenes did not serve as initi:l!
ing agents but did exhibit weak promotili::
activities on the skin of test mice initiated with
Dj\II3A (47. 55). The trichothecene-induccd
skin irritation ckarly did not relate efTeetiveh
to enhanced skin tumor formation.

i\lvcotoxicoses of domestic animals hah'
been' attributed to ingestion of feedstulTs simul·
taneously contamin;ted with A. [1(/\'11.1' and
Penicillilllll ruhrulll (10). Subsequent studil"
identified and characterized two structuralh
similar toxins from P. rlI hru Ill. named rubr:1
toxins A and f3 (117); the substances are npi
carcinogenic but arc quite toxic; e.g .. LD
values below I mglkg have been observed in
several animal species (61). Rubratoxins ap
pear to be primarily hepatoxins (61, 122).
Studies on the syneq.!istic activily of rubr:i'
toxin Il and aflatoxin Il, in rats provideL! e\l'
dc-nce that the lethality of rubraloxin Il i 2'
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FIG. j. hobologralll for t\\'o mycotoxin.l· injectcd
intraperitoneally into whitc III ice. Dashed line rep
resents expected LD",s, assulIling additil'/' re
SpOIlSC; solid line, obscn'ed LD,.,s for \'(/rious
combinations of Ihe lll'O toxins (47; Sansing, Lil
lehoj. and Detroy, in preparation).
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mg/ kg. 3 times/ week, for 5 weeks) was ex
pressed only if the animals were fed a sublethal
Icvel of aflatoxin B, (0.2 ppm) during the
trial period (122), However, rubratoxin B did
not appear to potentiate the carcinogenicity of
aflatoxin B,. In an extensive examination of
toxic interaction between dietary aflatoxin (2.5
ppm) and rubratoxin (500 ppm), Wyatt ct
al. (123) observed cffects in broiler chicks.
After 3 weeks on the test ration. the chicks
displayed no synergistic toxic effects in grmvth
rate, rclative organ wcights. hemoglobin. serum
cholcsterol. and total serum lipid. In a fasci
nating study with guinea pigs, Richard et al.
(90) observed thc efl'ects of ruhratoxin alone
and in combination with aflatoxin on several
experimental variables. Toxin pairs adminis-

tncd I)rally fl)r .\ wceks increased kllulil y and
suhstantiated carliL'r rcpnrts nf syncr1!ism 1)1'

the two substancl's in acute tl)xicity tests.
Ruhrall)xin ;done redllced cnmpkmellt activity
at (, I11g\lay 1")1' 3 weeks. whereas at 4 mg/day
no redllction \\as detected: additinn nf 0.01
1111! nf allatoxin IJ i to the lauer treatment. Ill'w
ever. signigcantly dcereased activity. Levels as
low as 0.03 mg of Il,/ day decreascd comple
ment. Since mixed mycotoxin ell"ects involving
rubratoxin have heen associated with a hemor
rhagic syndrome (6), Richard et al. (90) ex
amined prothrombin time in treated guinea
pigs. Rubratoxin alone callsed a slight increase
in the prothromhin time; this was significantly
enhanced after treatment with toxin combina
tions. Rubratoxin-aflatoxin combinations also
reduced growth in both guinea pigs (90) and
infant rats (1. A. Cain. A. \V. Hayes. and
B. G. Moore, in preparation). Richard et a1.
(89) also investigated the dlect of ochratoxin
in combination with aflatoxin on complement
activity, serum proteins. and antibody response
in guinea pigs. No synergistic toxic response
was observed, nor was there significant inter
action bctween allatoxin and antigen in lower
ing serum albumin levels.

An intriguing consideration of potential my
cotoxin synergisms is thc interaction between
tViO or more structurally similar metabolites
that arc produced by a fungus simultaneously.
Routinely, A. jlavlIs produces aflatoxins B, and
B2 , and A. parasiticlis synthesizes aflatoxins
B1, B2 , G 1 , and G 2 (23, 38, 46). Toxin
producing strains of both species also elaborate
aflatoxin M (23). Acute toxicity results indi
cate that the order of potency of individual
aflatoxins is BI = M I >G,>B 2 >G 2 (121).
Aflatoxin G I is hepatocarcinogenic, but higher
doses of G I than of BI are required to initiatc
tumors. However, G, is more effective as an
inducer of renal tumors than B, (23. 121).
Aflatoxin M I is approximately as carcinogenic
in trout as B,. Ayres et a!. (3) reported thc
carcinogenic interaction of B, and B2 • Hepa
toma incidcnce in trout after 12 months on a
toxin-containing ration was as follows; 4 ppb
of 8" 25 Ij{; K ppb of 11,. 70';;,; 20 ppb of 13 2 ,

SS;'; and 4 ppb of BI and 4 ppb of Be. 43 r;,c.
There is a distinct synergism between B, and
13 2 in indllcing trout liver tumors.

Reports of the natural contamination of
grains by citrinin, ochratoxin, or pcnicillic acid
have stinllllated work on the toxic inleraction
of these mycotoxins (42, 102. 115). The
simultaneolls occllrrence of ochratoxin and
citrinin in natllrally contaminated comnwdi
ties has also been observed (42, 105). Fungal
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strains have heen iSl,l:llcd that concomitantly
produce l:ilher oc1Hatl,,,in and cilrinin (I~. 42.
105) or ochrato"in and penicillic ;Ieid (14).
In addition. is\)lates nf the funt:us respnnsih1c
fnr the l:nntaminatinn of grains with oehra
tl'"in. I'cllicillilllll \·iridicatllll1. have alsn pro
duced citrinin and penieillie acid (102). In a
study of the intcractinn clreets of l)ehratn"in
and penieillie aeid in mice. mi"lures of the tl\"('
myc\'1l1"ill.' produced a ,synert:istic lethal IT
sponse (Fig. I: 41': G, A. Sansing, E, B, Lille
hnj. and R. W. Octroy. in preparalion), How
c\"(,r. neither of thc toxins functil)ncd as initiat
ing \)r promoting agents in thl: mouse skin
tumor test.

When Ciegler. i\lintzlafr. and Leistner (per
sonal enmmunication) administered ochratoxin
plus penicillic 3cid to rats and quail by intuba
tion. weight gains were lower and lethality W3S
higher than 3nticipatecl from an additive toxic
response (Tables I and 2). Since Ciegler et al.
(16) had observed that strains of Penicillilll1l
were capable of producing both citrinin and
patulin. this mycotoxin pair Was also cxamined.
Simultaneous addition of the two toxins to
quail yielded results similar to those observed
with ochratoxin-pcnicillic acid (Table 2): all
the birds given the toxin pairs were dead
within 24 h after treatment. whereas none of

the quail treated with single I,'\ins di"d ,I,.

the same pnind. In thl: ,'hieh emhl\<', ,n:;'
ual mye,)ll'\ins increased 1cllLJ1itl, h" "
lIas Ill' significant synl'l'gism hI' t';\iI1 1'.'1;
nchralnxin-pcnicillic acid and P;\llllin"t,
(Tahle 3).

In studies nf the toxic interaeti<'1\ ,'I I'e!"
!l)xin. citrinin. and penieillie acid h\ s.:;,
e! al. (in preparatinn). eomhinatil'ns 1\\ (III II'

ochraw"in and citrinin-penicillic acid l'dll',',:
synergistic lethal response in micc. ThJ\ ,
sp\)nse was e"panded by examiniu!.: the elL"
of t()xin pairs on nucleic acid 111~\;d,,'!J"ll1
liver and kidneys of mice. (icncLtllI. :.'\
combinations initiated etlects similal' t,\ :!

independent functions of each 1l1\Tl\!"\'

Although penicil1ic acid alone stimltl;;Il'l1 i

nucleic acid (RNA) synthesis in li\ei'. ,',';'
binations with ochratoxin A or citrinin I"

hibited accumulation of the nucleic acid.
In infant rats. simultaneous treatment \\ II

ochratoxin and rubratoxin gave a svner!,I'!
response: the LD.-,n of ochratoxin (,1.9 11\~ k '
was reduced about 16 times to 0.24 111[; 'k:: III
the presence of 5 mg of fllbra!l"\i,; k:'
(LD"n 6.38 mg/kg: Cain. Hayes. an,!
I\'loore, in preparation).

Zwicker and Carlton (124) examined th,.
interaction of the carcinogenic myc'\II'\II:

TABLE I. Response of rats to doses of ochratoxin and pCllicilIic acid"

Mean wt (g)
25-day Dealh,

Treatment Day 0 Day 8 Day 19 Day 25 gain (g) (': )

Control .................... 90 131 197 215 125 0
Ochratoxin ................. 76 85 112 125 49 0
Penieillic acid . . . . . . . . . . . . . . . 76 123 148 168 92 0
Ochratoxin .L penicillic acid 83 84 - b 0 tOO,

a From A. Ciegler, H. J, Mintzlaff. and L. Leistner (personal communications), Five rai' I\CI"

treated per dose level. Toxins were intubated in 2-m! doses. three times a week. at the folkmill,~ d",t"
levels: ochratoxin. 1.6 mg: penicillic acid, 44 mg. Toxins were dissolved in 0.1 M NaJ-lCO ..

/, All rats died by day 10 of the trial.

TAIlLE 2. Response of Japanese quail (Cotllrnix japonica) to doses of ochratll\'in
(llld penicillic acid"

Mean WI (g)
D",,:11 ,21-day

Treatment Day 0 Day 7 Day 14 Day 21 gain (g) ('I !

- --
Control .............. 44 62 73 90 46 ()

Ochratoxin . . . . . . . . . . . . . . . . . 46 54 49 54 8 3~

Pcnicillic acid ............... 47 56 61 84 37 D
Ochr;!lo\in + penicillic acid ... 46 47 40 1()11

'From A. Cicgler. Il, J. !\Iintzlafr. and L. Leist ncr (person,1! comll1unications). Fifleen \lIL,1! \',c:"

treatl:d pCI' dosc levc\. Toxins werc inlubated in l-m1 dmcs. thrcu timcs II wCl'k. lit the folio"" in~' d:
levcisl ochratoxin. 0,75 mg: pcnicillic acid. 5 mg. To.xins wne dissolved in O. I M NIIHCO.

I, /\11 le,t qUllil died by dlly 15 of the trill\.
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Deaths '1"lal 11l'. "r (,Ill!>r)'''s

Tl('allll('l1t

t lllitrlli .

( ),:hr ,ltl)\jn .
I' ,., 'i1li( :lcid .
()''_'It;~;110\il) 1 pcnicillic acid
{ ,liil rtll .
".lllllin .
(1llinin .
I'.illilin .1 citrinin .

T('sl I

6/62
24/80
18/78
41/80
15/80
45/80
20/80
58/80

Tesl 2

8/75
21/75
16/75
41/75

7/77
38/77
15177
69/77

drat hs
( mran)

10,2
29,0
22.2
52.9
14.0
52.8
22.3
80.9

stcril!l1latocystin (85) and a diet containing
lice 'infected with P. viridica/II/Il. In mice fed
I diet containing 5 ppm of the mycotoxll1. the
"ilcidenee of plul110nary tumors was 73S'c
hL'llL'r than in controls and 16% higher in test
:1,;il11al> on the fungus-contaminated diet.
11\1\I\:\er. addition of 5 ppm of sterigmato
cl slin 10 the P. viridica/lll11-infectecl ration in
duced tumors in only 54% of the animals.
I hac was no evidence to verify any synergistic
,l,·ti\itv between the two test materials.

I\ln;ost all mycotoxin studies have consid
L'!'cd the toxicity of smail-molecular·weight
liIc'laholites. However, proteinaceous macro
Jlwkcular fungal endotoxins have been de
scribed (116).~rn addition. Sansing et al. (96)
Identified the toxic properties of another
m:lcromolecular constituent of fungal cells, the
\irus-like particles (VLP) and attendant
doubk-stranded RNA (ds-RNA) from P.
\I%llifel'llill. The LD." in mice for VLP was
240 n;g/ki.: and for ds-RNA was 34 mg/kg.
Combi,;inJ ds-RNA \vith a series of myco
loxins pr;duced no synergistic lethal efTect in
lilile. However, administering sublethal levels
';1 actinomvcin D or cvcloheximide dramatic
:ill:' enhan~ecl the toxicity of fungal VLP and
d,·RNi\.

1n a preliminary test. Ciegler (personal com
munication) found that rabbits responded more
r::pidly and to a greater extent when dosed per
os with it crude extract of tremorgenic toxins
(I::rgcly penitrem A) produced by P. cyclofJiulIl
!han \1 hen dosed with larger quantities of peni
trem A alone. Wilson et a1. (120) also noted
thaI administration of crude extracts of tremor·
.~cn'i caused a greater toxic response in rats
th;:n l'quiva!ent doses of pure toxin. The factor
illediating the potentiation of penitrem A tox
lell\' has not yet been elucidated.

MYCOTOXIN-NONl\iYCOTOXiN
SYNERGISM

Diets that led to hepatoma epizootics in
trout contained cottonseed meal. Constituents
of the cottonseed meal were associated with
the tumor induction (23. 46. 106), When
aflatoxin was discovered in the rations, it was
implicated as the primary tumor-inducing fa~

tor, but purified rations with added aflatoxll1
did not cause the level of tumor incidence ob
served when the trout were fed aflatoxin in
untreated meals (43). Since the cyclopro
penoid fatty acids (CPFA) malvalic and ster
culic acids occur in cottonseed, these sub
stances were tested for carcinogenic synergism
(43. 104). A control diet containing 4 ppb of
B, produced a 50% tumor incidence in trout
after I year; addition of 56 ppm of CPFA to
the toxic diet induced a 100% tumor occur
rence. Sterculia joe/ida oil (49% sterculic and
7% malvalic acids) was the source of CPFA
(43). rncrease of the CPFA level to 220 ppm
increased the hepatoma incidence sixfold in
the presence of 4 ppb of the aflatoxin (43). A
4-ppb level of aflatoxin Iv1 J induced a 13 %
incidence of hepatoma in trout after 1 year;
addition of 100 ppm of CPFA increased the
occurrence to 70% (105). Addition of another
cottonseed constituent, gossypol, at 250 ppm
or of 3-methylcoumarin at 50 ppb doubled the
hepatoma incidence in trout on a diet contain
ing 4 ppb of aflatoxin B I (104). With?l~t

anatoxin, the two synergists did not eliCit
tumor formation.

Lee et a1. (44) investigated the toxic inter
action between CPFA and anatoxin in rats.
After 18 months on a ration containing 18.4
ppb of anatoxin, 59% of the animals had de
veloped tumors, whereas addition of 220 ppm
of CPFA increased the tumor incidence to

4



70 r ;, In a suhsequcnt study (71), hepat,)Jna
inci,knce in rats increllsed from 41 to (11',';
when ('1'1-':\ were addl'd II) a diet Cl1ntaining
lOll pph ,'f aflatoxin Il,. 1\ Cl'I11I);\rison be·
tween tl(lut and rat shows that ('I'I-'A arc more
efrectin: svnL'rL:ists in tn)ul.

NUTRITIONAL t\lODlFIC\TION OF
t\lYCOTOXIN EFFECTS

Several laboratories have cxal11ined inten
sivelv the intlucnce that nutritional status of
test ~lI1imals has on their suseeptihility to my
cotoxicoses, Newberne et al. (70) observed
that addition of Ivsine (0,8%) and arginine
( I,Wt) to a basat' diet sensitized ducklings to
the acute toxicity of aflatoxin, They postulated
that increased transaminase and deaminase ac,
tivity by the liver could be responsible for. the
increased lethality. Foy et al. (25) emphaSize,]
the importance of diet in potentiating the
effect of toxic insult in animals. They demon
strated a similarity in the response of baboons
to pyridoxinc deficiency and allatoxin-il1l,luced
toxicitv and proposed that the two functIOned
svner;isticallv in eliciting liver damage, Since
r~duction in' pyridoxine probably impairs th.e
capacity of cells to carry out trans- or deaml
nations. loading these activities may enhance
the toxic effects-of aflatoxin.

p,'ladhaven et al. (54) examined the effects
of allatoxin by feeding monkeys a diet con
taining 4 or 20% protein, All the test animals
given - 100 "g of aflatoxin!' day on the low
protein diet died within 30 days with charac
teristic liver lesions, whereas animals on the
high-protein ration were protected. In similar
studies with weanling rats, the animals on low
protein diets were s~nsitized to the acute tox
icity of allatoxin, but they exhibited a higher
incidence of liver tumors than animals on the
20% protein ration (53), On the other hancl.
Newberne et al. (64), as we1l as Newberne
and WO'-'lin (69). observed that rats treated
with 375~ IJ.g of allatoxin 13, on a 9')( pr~tein
diet had a higher incidence of tumors 111 a
shorter time than rats on a 22% protein ration.
Marcos and I.ebshtein (56) studied the effect
of aflatoxin on chickcns being fcd rations con
taininr:four different levels of protein. They
obsen:ed that aflatoxicosis was more severe at
the lower protein concentrations and proposed
that protein malnutrition predisposed .the ,bi~ds

to the toxic dfects of the mycotoxll1. Smith
et al. (107) reported that a ration containing
30% protein gave broiler chickens essentially
complete protection against a 5-ppm level of
aflatoxin.

Newherne et al. (fi4) investigated the dTccts

on rats (If simullancous feeding \11th ,'Ih;,
and aflatoxin. The ;Imino acid at ll.2', ,.!

die! acted as a carcino!:l'nic syncq:i\t \\ I:!, ,
ppm of aflall1xin Il,. On thl' oth"1 h;llld, ',I

taneolls feeding (If urethanl" ;1 KI1<1\\ 11 ",l,

,-,en, at 0.1 to OJ,';; of the diel \\ilh (l.l :',
rpm (If Il, restricted tumor devclnpllll'l1l II '

Other sllbstances (phel1(1barbitonc, DI) I I

exhibit a prntective clreet in allatnxin·nIL,il.':
toxicities (J I, 50, 51).

The association of fatly liver and l'irll;,
with liver tnxil1s stimulated investiglllHllj; ,
how allal('xiil would affect rats kd ;,
tropil'-deficient diet. Newberne et al. (('·1 (,'
selected a low-lip")tropie diet containing a b"'.,,
20';; protein ration with 0.1 S;' llI-nll,thi",I'I;
and 0,1 % choline chloride, wherl';I' tl"
lipotrope-sllpplemented ration con!;\inL'd I:;,
same protein constituent with OJ,'; /I,

methionine, 0,6';; choline chloride. and '0

of vitamin H,/kg. During the first 2 \\l'd"
240 leg of allatoxin 13, was admini~tcr,'d I ..

each test rat. After I year on the low-Ilpnll"i'"
diet. 5 of 17 animals developed liver CII\,
noma. and the remainder had histulo:,-i .. ,,:
changcs indicative of preneoplastic eh:ln::,.'
Live; carcinoma was not found in the Ilnim,t!
on the high-lipotropic diet treated with idc:nll
cal levcls of allatoxin. Subsequent studies ('12

94) showed that lipotropic deficiency p",
tected rats against lethal doses of atlatoxil1 hln
increased the susceptibility to aflatoxin-inducld
liver tumors.

The aggregate response to the interactioil ,,'
light. dietary constituents. and toxins has hn"
in"'vcsti!:!atcu. Photosensitization of anin1als ;ll1l1
hum'an~ is a scrious economic problem in liI,c,l,
where ingestion of photosensitizing substanl".'
leads to disease characterized by skin neer,""
(76), Sporodesmin. a product of Pir!Io!ll.'" ,',
c!Iarramll1, is an extensively studied photl1\Lil
sitizing nwcotoxin: the disease associated wilh
it is ;alle'd facial eczema and occurs pripci·
paliy in sheep and cattle (88, 113). Sporodc,·
min, a hepatoxin. produces severe OCClll\l\ c,
dama"e to the bile duct system and. suh,,',
qucntfv. causes photosensitization due to ;1

failure of the damaged liver to remove ph\'II,',
crvthrin from the blood. A phototoxin S\ I'

dr~lJ11e has also heen identified in mice aflel
in,-,estion of rice cultures infected with 1'. \ i,;,
di~'(/rllll1 (9); this phototoxicity was abo al
tributed to liver damage. Ne\'iherne ct aL ((~\ I

examined the toxic interaction of light. Vila
mins. and aflatoxin in rats, Carotene and rij-,.,
flavine were selected for testing, since thc""
substances arc photoreceptive agents. AI]."
toxin ahsorbs light at 3fi] nm, hut the phol"
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clll:mislry l1f the toxin has not been extcnsivl'!v
studied (23. 4<». Rats exposed for 2 h tl1 lit:ht
;dlCl tl1xin treatment cxhihilL'd enhanced sus
cL,/,tibility tl1 anatoxin: light plus rihL'llavinL'
\\ncl"!:istically incrcased the allatoxin-mcdiated
t;,\ieilv. but carotene provided prOlL'etion fn'm
the lit;ht-toxin interactiL'fl. A similar allatL'sin
llledialL'd phototnxicity has been ohscr\"L'd in
culturcs nf Pa!"al/lI'citllll ( 109).

Reddv et al. un) recorded the elreet on
rats n( a dietary deficiency of vitamin A.
!\Ltles on the vitamin-deficient ration exhihited
a distinct increase in the susceptibility to liver
daillatle and lethality exprcssed by a sintJe
dose of aflatoxin. N ewhernc and Rodgers (6(»
studied the clfects of vitamin A on tumor in
duction in rats. Anatoxin-induccd liver car
cinomas wcre ohserved at a frequency antici
pated from earlier studies without significant
vitamin A effects. However. 11 of 260 animals
exposed to aflatoxin dcveloped colon carci
nomas, generally in association with the low
levels of dietary vitamin A. In related work
with vitamins and aflatoxin-induced disease.
Hamilton and Garlich (35) found that sup
plementing rations with choline. inositol. vita
min B I ". and vitamin E did not reverse the
fatty liver syndrome in chickens induced by
aflatoxin.

Pyrrolizidine alkaloids are hepatoxins nat
urally occurring in several plant species (100).
Studies conducted in 1972 shO\ved that the
alkaloids are carcinogenic in rats (1 11). After
an examination of the interaction of lasiocar
pine. a pyrrolizidine alkaloid. with aflatoxin.
Reddy and Svoboda (86) observed that the
alkaloid did not inhibit aflatoxin-induced for
mation of liver tumors but that the toxin pair
initiated a pathogenic pattern which was dif
ferent from the one elicited by aflatoxin alone.

Dietary lipids have been described in terms
of their function in aflatoxicosis (121). Par
ticularly interesting studies by Hamilton and
his colleagues have shown that increasing the
lipid componcnt of a broiler chicken ration
from 2 to 16% decreases the toxicity of dietary
aflatoxin (5 ppm) to control Icvels (107).
They proposed that a high-lipid diet could
prevent absorption from the gastrointestinal
tract. Subsequently. a similar sparing effect of
high-lipid diets on aflatoxin-induced lethality
was observed in turkey rations (37).

Another aspect of mycotoxin-mediated tox
icity and interaction with the environment is
the increased stress on animals ingesting the
toxins; generally. this stress is reflect cd in
reduction of growth ratc, inefficient fecd con
versions, and increase in disease rate. Several

studies of mycotnxicosL's in domestic hirds sUl'
gest thL' I'rcdispnsal of hirds inl:esting mYCL'
toxins to Sall/lolldla inrcctions (IO.l. 10~).

Investil:ati\,n of dietary T-2 toxin and mol"
tality rates in chickens having paratyphoid
infections revealed that ncither faclor alonc
causes eXlensivc lethality. but a combination
of the two signilicantly increases nwrtalit)
(B. Boonchuvit. P. B. Hamilton. and H. R.
Burmeisler. in preparation). This work sug
gests that the inflammatory and irritant action
of T-2 toxin toward thc gastrointestinal tract
reduces the natural barriers Il' invasion by
.)1111111'11('1/<1. Other studics den1L1nst r;ltcd th;1l
allatoxin-contaminated fecd made birds nwre
susceptible to low temperature. drinking water
containing I IX NaC!. and certain disease
symptoms assnciated with Calldida alNealls
infect ion (36 J. Decreased resistance was at
tributed to a dramatic immunosuppression oh
served in birds consuming aflatnxin (114).
Diseases related to aflatoxin toxicity have also
been linked to interaction of the mycotoxin
with viral infections (49. I 10) and to a dis
order of humans of unknown etiology called
Reye's syndrome that is cbaracterized by en
cephalopathy and fatty degeneration of viscera
(7,24).

HORi\iONAL MODIFICAnON OF
MYCOTOXIN EFFECTS

Zearalenone. or F-2. a product of several
Fusarittll1 spp.. has estrogenic properties. A
typical response of animals ingesting feed con
taminated with F-2 involves primarily changes
in the genital tract (60). ZearalenoI. a deriva
tive of zearalenone. is used under controlled
conditions to promote beef cattle growth and
as a thcrapeutic agcnt to alleviate postmeno
pausal discomfort (60 J. Zearelenone functions
directly as a hormonal agent.

The interaction between aflatoxin and the
hormonal system of test animals appears to he
somewhat more subtle than the zearalenone
effect. Preliminary interest in the aflatoxin
effect on hormonal activity developcd from
consistent observations that male test an imals
were more susceptible than females to the
toxicity of the mycotoxin (23. 69). Goodall
and Butler (29) found that hypophysectomized
rats did not develop liver tumors after inges
tion of aflatoxin (4 ppm of B I ); lower levels of
the toxin induced liver Tumor formation in all
control animah. Earlier. others had shown
that hypophysectomization inhibited livcr tu
mors elicited hy azo dyes and aminofluorenes
(30). Apparently. these liver carcinogens re
quire metaholie activation hcfore they interact
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with the receptor site involved in the initial
earcillPgenic event(s).

Addition of diethvlstilbestrol to an al1at\)xin
contaminated rati\);) also inhihited carcino
genesis in malt: rats «('1'1). The incidence of
liver carcinoma induced by al1;ltoxin was 71 (;;
compared with only lor;, in animals ingesting
the diet amended wilh the synthetic estrogen.
Paircd-fcedin~ results showed thaI the differ
ence between~ the occurrence of tumors could
not be attributed to variations in feed intake.

J\fadh,lven (52) sougbt the cfTect of the
steroid prednisolone on aflatoxin toxicity in
rats fed low-protein (5%) and high-protein
(20%) rations, He observed no significant
histolo~ical chan!les in livers of animals on the
high-p(otein plu; aflatoxin diet. Rats on .the
low-protein pillS toxin ration developed typIcal
liver lesions. However, in the presence of pred
nisolone. there was a marked inhibition of
aflatoxin-induced bile duct proliferation and
fat accumulation in the liver.

Cardeilhac and Nair (12) extended the
study of endocrine involvement in aflatoxin
mediated carcinogenicity. The effect was de
termined in castrated male and female rats of
a total dose of 2.15 mQ of anatoxin B I' Acute
toxicities were highest -in uncastrated animals.
and all survivors in the group had hepatomas
13 months after the test began, No liver tumors
were observed in anatoxin-treated, castrated
rats or in the control animals that were not
treated with toxin, This study also provided
evidence that subcutaneous injection of CCI,
increased the acute toxicity and carcinogenicity
of aflatoxin.

Righter et a1. (91) compared the effect of age
and sexual status on susceptibility of rats to
aflatoxin. In 12-week-old males after 2 weeks
on a ration containing 12 ppm of aflatoxin. the
mortality rate was 75 to 100';;:. However.
prepube~tal males (5 weeks old) ingesting the
same ration had no signs of toxic stress. If
castration was performed before 10 weeks of
age. a 100% sparing effect was ohserved,
Treatment of the castrated animals with tes
tosterone restored sensitivity to anatoxin.

lViECHANIS1\l OF MYCOTOXIN
SYNERGISl\l

Many drugs. environment,.t1 chemicals. a~d

endol!cnous cellular metabolites (e.g., sterOId
horm'oncs, thyroxin, and bilirubin) arc chcmi
cally modified hy processes associated with
microsomes located in the endoplasmic rcticu
lum of liver cells (17, 18). One of the primary
enzymatic reactions of the microsomes is a
mixed function oxygell;ltion (19, 40; Fig. 2).

FIG. 2. J-.:I('cfroll Irtll1.\fcf" one! cylon'/l',;!!;r

(/9,40).

Reducing equivalents for the reaction arc i';"
vided primarily by reduced nicotinill1ll,'
adenine dinucleotide phosphate. but rc·,I:".:.!
nicotinamide adenine dinucleotide c:ln id·
provide electrons. Cytochrome P t", SL'!"\," "

the terminal oxidase. The oxidized 1'01'111 0: 11:

hemoprotein (P -.i,-," -1 "' -:) binds the ,lib'! 1" i,
and undergoes a one-electron reductioll. '111'.
reduced enzyme-substrate complex cOl11h;nI"
with molecular oxygen. Addition of a ,eCI'1;,:
electron leads to an oxidized suh.;trate ,Ii',:

water.
Current theory of chemical carcinogciiL".;.

requires that the carcinogen react with critic"l'
cellular molecules (59). Although no C0I111);\'11

structural feature is associated with all Ciii·
cinogens, clearly, most of them are mcLd,
olized to reactive intermediates tha, i!I,'

clectrophilic; microsomal enzymes are rc,p";'
sible for this activation. The eleetrophilic in:,i
mediates combine with nucleophilic (elect r, '1:

rich) groups in proteins and nucleic ill id'·
throu!lh covalent bonds. Since neoplasms :,;,'
chara;terized by an absence of growth COillr\ ,)

apparently the ultimate carcinogen mu,t bin,:
to tar!let macromolecules involved in the 11\

formational aspect of growth control hef,'I',
the carcinogenic process can be initiated,

It has been proposed that aromatic C<ill;
pounds are mctabolized in higher organ1\111\
to phenols, c1ihydrodiols. and glutathione CI'!':
jugates through intermediate formatj()n (.,
epoxides (arene oxides; 21, 41). The ,lihydr(\
dials mal' he either conjugated with glucuro il1

,

acid or ~onverted, like catechol. to guaicol ;, ..
the action of catechol-O-methyltr,tn,kra'
(Fig. 3). Epoxide hydration is mediatc~1 b.. ai'
epoxide hydrase in liver microsomes: liver ,':1'
zymes also have been identified that calilll I'.

l!lulathione conjugation to the oxides (::! i

Products of microsomal processing haVe' b\el i

isolated from urine of test animals: thc' '.Ii!'·
stances appear to he harm1css to the h\;,!. III
addition to undergoing deactivation react!()I".
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FIG. 3. Processing of c};/oro!>cllzeIlC ill the lil'cr
(21, 41!.

C1!Qchrtme P(::

[","ES
(

FIG. 4. l'r0l'0.\('t! II/CCIi<llli.l/l1 for II/icro.wlllal
il1t!UC/;OIl.

or cnvironmcnl;d ehcmieals and lllien)sPlllal
levels. ,)thcr fac(()rs arc invo]vl·d. I\licrosolllal
cn/sml' inducti,)n is rl'1atrd tp the nutrition ,)1'
test' anilll~ds. I'rL)tein ddicieney rcduccs hnth
mier,)sl1mal prL)ll'in and inductipn potcntial
(II), \\hereas el'rtain lipids in the diet govL'I'n
the extent nf lllien)Sl1mal induction (571. e,lr
cilwt:cnie synergism bctwccn eycll'prnpcnnid
fatty acids (CprA) and allatoxill l11~lY alsn
reflect an interaction bctwccn thc suhstanccs
in micrnsoma[ metaholism: for cxamplc. CPF;\
inhibit the microsl)mal-Illcdiated desaturation
or stcaric to oleic acid (4:1).

Inereasc of" microsomal el1zymes rcquircs
deoxyribol1ucleic acid (DNA)-dcpendent RN!\
synthcsis and protein production. Suhstances
that modify transcription, translation. or ag
gregation could ch~lI1gc the actual number of
functioning microsomcs (17. 18). In addition,
the rates of microsomal enzyme activity can
also be modified by certain compounds with
out quantitative increase in enzyme concentra
tion (I I ): the change resembles allosteric
alteration. ivlarshall and I\lcLean (57) have
suggested that an endogenous cellular factor
normally inactivated by microsomes serves as
the inducing agent for synthesis of microsomal
components. \Vhen other substrates compete
with the factor for common enzyme sites on
the microsomes. levels of the inducer increase
and the induction process increases. A satisfy
ing model of microsomal regulation can he
dcveloped with steroid hormones as endoge
nous inducing factors: the substances could
eITectively balance basal induction of micro
somes with steady-state control based on com
petition with other compounds in the cellular
milieu for active sites on the catalytic complex
(Fig.4).

In vivo microsomal activity is dif1lcult to
predict: it is questionahle whether the net
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the arene oxides and K-region epoxides are
active ekctrophiles and readily form covalent
bonds with cellular nueleophiles. such as pro
teins and nucleic acids. It has been proposed
that the epoxides or arene oxides are the ulti
mate carcinogens (59).

Several hundred drugs. insecticides. carci
nogens. steroid hormones. and other substances
have been identified as stimulators or inhibitor;,
of microsomal enzyme activity (18). Adminis
tration to rats of benzo(a)pyrene or other
structurally similar. carcinogenic. polycyclic
hydroc;:rbons increases microsomal hydroxy
lase activity. Enhanced metabolism of benzo
(a) pyrene is ref1ected in increascd biliary ex
cretion of related products and a decrcased
level of the carcinogen in blood and other
tis<;ues (J R). Inhihition of microsomal activitv
hy carbon tetrachloride. (3-diethyl-aminoethyl
propylacetatc (SK 525-A). and piperonyl
hutoxide increase;, the toxicity of thc poly
cyclic hydrocarbon (18. 2 J ). Variation in
lI1icro;,omal activity can abo have dramatic
dJ'ccls on the hormonal ;,tatus of test animals
since hydroxylation of ;,teroids is mediatt:d
hy the samc ;,y;,tcm that mctabolizes drugs and
cnvironmental chemicals.

In addition to the intt:raction hetween drllgs
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cfkl'l of an inl'l'eaSl'd rate nf Illclab\llism either
will prndul'e a decrease in tnxil'ity via en
hanced destruetinn (11' the tnxin or will aug
ment tl1xicity caused by an increase in the
fnrJl1atil1n of the aetiw interl11l'diak(s). Sev
cral factllf's inlluence the nL'! toxicity of a
suhstanee: (i) rate Ill' ahsl1rl'til1n 1'1'\1111 the
inkstinal tract into the bll1l1d .,tream. (ii)
transfer rate fl'llm hll1nd intn cells (11' specific
tissues. (iii) kinL'!ies of hindin~ to microsoJl1es
and Cl1n\ersinn rate, (iv) bindin~ rail: of toxic
inlcrnl1·di:lle III critical (;IITet nl"kcuks. and
(v) rate of toxicity cxprl'ssion of the toxic
intermediate-tar~et molecule complex (2:-;:
Fig. 5).

In early studies with at1:ltoxin 13, metabolism
in test animals. a fluorescent hydroxylated
metabolite, allatl1xin 1\1,. was found in milk.
urine. and feces (23. 46), Structural charac
terization showed that 1\1, was hydroxylated on
the brid~ehead carbon of the bifuran (23),
Conjugates of ivl, \\'ere observed in urine and
bile of test animals (5). Further studies (72.
73.81. n) verilled that liver microsoll1es from
several species \vere capable of converting B i

to 1\1 ,. Subsequent reports have described ad
ditional microsomal hydroxylations of B,

Re.ilC!iVE Conler.t Membrane
tr!IEimediale ~ attach:::ent damai.E

Micro~t,r.tt !Sl:p:rcII~e. ~e{Ctidej to pit,tein ~ Necrosis

~
Gr.r:L!CleiC rndati:Jn
aCid Teratogenesis

Carcir.ogel1fsis:
ArenE OIiCE.

Jnter~~~~~~: IHrdra~~ e
H,dfc~Er,2Sf

CCl1pgase

Fill. 5. Propo.l'('d ml'c!wllisms for COIII'l'rsioll of
reacli"e microsomal illiermedialcs,

(Fit,· (,): (i) O-dellll,thyLiti\l11 !l' ;I 1'1",
derivative--I', (20). (ii) h\dr:ili"11 ":
vinyl L'lhl'r dl1Uhle b\lnd (11' the ftlf;lll t" .,
the 2-hydI'l1\Y derivativl'·-IL" ('7.\. ')'!).

(iii) addilil)[) I'll' a hydr\l\yl ~J'\)up t,l l:'e'
hl1n ri to the earhonyl on the cy,'I"I'l'I1:"
ring-Q, (5:-;). Palll'l'son and R,'!J,'lh i

havl' identified a soluhle liver en/~ll1e th.,:
duces the carbonyl on the C\'ClllPCillcll"'Ic'
;In :dcohol. atlatoxicol (22).

Induetil1l1 of microsomal enzyml' aeli\ it\
phenob:lrhitolle and DDT redue,'s tl,,· 1, ,\,.

of al1atllxill in rats (31. 50. S I). Scliab-'!! "
Steyn (9:-;) observed that livers (11' r:lh dc' ."
with either phenobarbital llr al1atll\in Ii \'\
hihiled microsomal allatoxin-4-11';dr,'\\ L,
(1\1,) activity 2.3 and 3.5 times highLTIL.·
controls. On the other hand. Gmtoo :d'.'
Campbell (33) found that 3A-henzpyren,' ,
duced microsomal enzyme synthesis but II,.,'
anatoxin did not: both compounds incre:,.,. ,!
the enzyme activitv in situ. They allrihlllc,:
the abse'nce of micr~somal enzyme-svnthe,i. i:,
the presence of allatoxin to inhibitil;n of 11'::;:

scription by the toxin. The apparent di.,creT
ancy in observations is reminiscent of thI'
condition described by Pollack (80) in actin,·
mycin D-mediated induction of penicillin:",
synthesis in Bacillus lichcnijormis. The ob·
served stimulation of the inducible enxymc h
low levels of actinomycin D, a transcript inil

inhibitor, was attributed to a preferential bin,'
ing of the compound to the regulator gene ::11,!
release of the structural gene from repre."i"n
\Vhen regulator genes were saturated. In·
creased quantities of actinomycin associ;! lc:d
with structural genes and blocked penicillin;:'.,'
production. The analogy between the aeti .. i:'.

o 0

o~

loXott
J

AflatoXIn PI Aflatolln hi 1

AfiatollCo!

FJ<;. (,. Sirt/f'lllrn of nfltlloxill fI, tlnd d"r!valil'CS.

OH



1\!'l'('OTOXIN SYNJ:l<c ilSi\!

I.ijinsky c( a1. (,IS). Maxil11al incnrpllr;\tilln of
radit1ac!ivity in DNA. RNA. and pl<l1<'in was
(lbserved in liver frol11 (, to IX il after tnxill
adlllinistratinn. Till' isntnpe was detected in
cellular cnnstitllenls up tn X weeks arkr treat
mcnt. There was Ihl apparent cllrrc1atitln be
twecn binding by macrnmnkcuks and the
carcinngenic prncess, The innul'nCl' of micro
sllmal processing llf albto\in Iln infnrmati,1nal
enzY:l11es has alscl been evaluated. Activity of
deoxyrihnnuckases of rat and mouse liver
increased after in vivo treatment with allatn\in
(77. 7X). On the other hane1. both in vivn and
microsome-containing in vitro systel11s with
anatoxin 13, inhibited certain RNA polymerase
activities (I. 62, 95).

Further studies of species difTefences in
anatoxin metaht11isl11 led to the discclvl'I'y in
avian and rabbit liver of an enzymatic func
tion that feduced anatoxin 8, to anatoxicol
(72. 74). Since tbe feduction was reversible,
Patterson and Roherts (72) proposed that the
B,-anatoxicol reaction provided fOf an afla
toxin reservoir within liver cells before micro
somal processing. These workers postulated a
slightly difTerent mechanism of microsomal
activation of 13,: they suggested that the
hemiacetal. aflatoxin Be". is the toxic inter
mediate (73, 74). Their provocative proposal
is based on the reactivity of the dialdehyde
form of Ben particularly in forming Schiff
bases with free amino groups of proteins (Fig.
S), Schabort and Pitout (97) also provided
evidence for covalent binding of Bell to pro
teins. Since the hemiacetal is unstahle at physi
ological pH (79), it may represent an intra
cellular reactive intermediate, Gurtoo (32)
and Gurtoo and Dahms (34) observed that a
microsomally mediated intermediate of afla
toxin 13" provably Bea , binds covalently to
microsomal protein.

While looking at the cytoplasmic reduction
of 13 J to aflatoxieol, Patterson and Roberts
(75) found that 17-ketosteroid sex hormones
inhibit the reaction: such an interaction could
be an important aspect of the cellular response
to aflatoxin (Fig, 9), Williams et al. (1 18,
119) studied the relationship belween aflatoxin
binding and ribosome-memhrane association.
They observed an aflatoxin-mediated detach
ment of rihosomes from rough endoplasmic
reticulum, The attachment site of the toxin was
identified as the steroid-dependent ribosome
binding site. Aflatoxin inhibiled the ability of
steroids to promote polysome binding to endo
plasmic reticulum membranes.

The enhanced resistance of female rats to
anatoxin has been attributed to an increased

#

(0)
Microsomes
HADPHz

Oz

!
HUCleODhiliC

Sites in
RHA

HOlT

RIIA~O~
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RNA-bound Bl

FHi, 7. !'m[!o.led lIIeclwni,\tIl of hindin,!; of {{(Ia
'''J III II, c[!oxide in[ertJ/edi{{leS [0 RNA (2ti, 112).

° °

"ctlll<1lllycin D and aflalo\in is ;Ipproj'l'iall'
the lul1t:lilln llf the !\VI1 subst;llh'CS is

".,,' ,iI11ilar, p;lrlicularly in inhibition of tran
. ; q\iit)n (2J).

S,'j,,'cnLd (I () I) pnlpllscd lhat thc react ive
.:"ji1icdi;lll· PI' analll\in Il, was an eppxic!e

IllllL'd across the 2.3 double bpnd of the
:,linina! Iman. Garner (26) and pthers (112)
i'l"" itkd evidence for the. 2.3 epo\y afl,al(1xin
iI ill lllicrl1somal conversion of the to\1Il and
d,,;\\ed th;lt livcr prcparations catalyzed bind
,.,' "I Il, pI RNA in vitro (Fig. 7). The double
i',.nd Ill' the TI, furan appeared tl~ he an im
i','i[;ll1t structural characteristic for epoxide
!l'rrllation since aflatoxin 13 e. the 2.3 dihydro
IlL-lilative, did not bind to nucleic acid in the
:'li,TilSlll11al activation test. In a perceptive
\111\1\' of the efl'ect of liver microsome prepara
hll1~ plus aflale1\in 13, incubatcd in the pres
eih',' "f vi;,ble cells of Salmol/clla. Garner et al.
127} found that cells were killed rapidly: 99'7;:
"I litc cells were dead after a 2-min incubation,
[ his lethality was allrihuted to the active
"'\t rillediales(s) of 13, metabolism, Subse
'i':'·!111y. Ames et a1. (2) developed a mutagen
1"t "ystCI11 using liver microsomes and a set
,>I Salmunella strains, IVficrosomal-activated
ll\lcrillediatcs of aftato:\in 13" sterigmatocystin,
,Int! other carcinogens were all mutagens (2),

The actual binding of tritiated aflato\in 13 I

,<) macromolecules in vivo was explored by

[
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~flatolln hcnllJcctJI
181,1

Phenolate dlaldehyde
resonance form

may be IWlISl"'l'ilie: i.e", inlTeasl'd ll1in,,·.,
activity in fcmak li\ns may reprC\l'nl Ill),.

ent 1y highn cndllgeiHlllS kvels l,r skr"id"
attl'ndanl micn)Sllmal activit)' in thl' kilL.
rats than in males.

Although cellular processes il1\lll\"(~d III l\
pression nr myc'ltoxin synergisms arc ellll1,'it
the growing understanding about re,letion,
socia ted with microslll11al metabl)lism \\ill 1':"
vide the fundamental ingredients I'llI' a 11Illl:,·

comprehensive explanation. The reSI1l'nse ,
biological systems tll myclltt)\ins, cl)lIpic'd \\
the larger spectrum of environmental chcm:
cals, is a profitable area of inquiry. Hopl'llljJ·
both vitality and quality of current work \\ iii
be sustained,
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